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Vibrational spectroscopy of the key functional vibrations of 2-pyridone and its hydrogen-bonded
clusters with water, methanol, dioxane, dimethylether, as well as its dimer, has been carried out by
using infrared-ultraviolet ~IR–UV! and stimulated Raman–UV double resonance methods
combined with fluorescence detection. The characteristic spectral changes upon the cluster
formation have been observed for the NH and CvO stretching vibrations of the bare molecule and
also for the OH stretching vibrations of the solvent molecules. The cluster structures were
investigated by comparing the observed spectra with the simulated ones of the energy-optimized
structures obtained byab-initio molecular orbital calculations. It was found that the ‘‘ring-type’’
hydrogen-bonded structure is appropriate for the cluster with water or methanol, while the
‘‘linear-type’’ hydrogen-bonded structure is appropriate for the cluster with dioxane or
dimethylether. The symmetric form of 2-pyridone dimer was confirmed by the observed spectra, as
well as theab-initio calculation. A clear correlation between the observed frequency shifts of the
NH stretching vibrations and the calculated NH̄O hydrogen-bond angles was obtained indicating
that the hydrogen-bond angle distortion reduces the local hydrogen-bond strength. Also it was found
the blue shifts of the origin bands of theS1←S0 electronic transition strongly depends on the type








































The keto-enol isomerization between 2-pyridone~2PY;
the keto form! and 2-hydroxypyridine~2HP; the enol form!
is one of the simplest tautomerization of peptide molecu
The two forms are interchanged via the intramolecular p
ton transfer between the amine hydrogen and the carb
oxygen of the molecule. Numerous studies on the tautom
ization of 2PY have been performed experimentally,1–14 as
well as theoretically,15–30 because the process plays an i
portant role in the mutation of DNA.31 In gas phase studies
it has been reported that 2HP is more stable than 2PY
;270 cm21, and the tautomerization barrier is;16 000
cm21.1–7,15–21In liquid phases, both forms coexist in nonp
lar solvents, while 2PY substantially dominates in a pu
crystalline or in polar solvents.1,3,11,12,19Such a difference of
the relative abundance in solvents can be associated with
relative stabilization energy and a drastic decrease of
barrier height by the solvation. As these results suggests
tautomeric equilibrium depends inherently on the enviro
ment surrounding the molecule. In this respect, it is qu
interesting to investigate the tautomerization by using m
lecular clusters as a microscopic model for the environm
The electronic spectroscopies of 2PY and solvated 2
have been reported by several groups.32–39 Recently, two-
color ionization spectra and dispersed fluorescence spect
2PY and 2HP were investigated by Nimlos and co-work
under a collision-free condition in a supersonic jet.33 Three
a!Electronic mail: nmikami@qclhp.chem.tohoku.ac.j8390021-9606/99/110(17)/8397/11/$15.00

















electronic origin bands were observed for theS1←S0 transi-
tion of the monomer; two of them at 29 831 and 29 928 cm21
were assigned to the origins of thep*←p transition of 2PY,
and the third band at 36 123 cm21 was assigned to the origin
of 2HP by a comparison with the results reported in co
dense and crystalline phases. Held and co-workers inve
gated the two origin bands of thep*←p transition of 2PY
by analyzing their rotational fine structures and conclud
that these bands are associated with the transitions of
single species to the different excited states having slig
different structures.34 They also measured rotationally re
solved electronic spectra of 2PY-water (H2O)
35 and 2PY-
ammonia (NH3),
36 and concluded that they have the ‘‘ring
type’’ structure in which a solvent molecule is hydroge
bonded to both the amine group and the carbonyl group
2PY. They also examined 2PY dimer structure and predic
a symmetric form belonging to theC2h point group.
37,38
The characterization of the hydrogen-bonding netwo
or the intermolecular structure of the hydrogen-bonded c
ters can also be performed by vibrational spectroscopy.
cently, it has been established that the double resonanc
brational spectroscopies of the OH and NH stretch
vibrations enable us to investigate the intermolecu
hydrogen-bonding structures of low density clusters p
duced in supersonic jets. The spectroscopies are ca
infrared-ultraviolet ~IR–UV! double resonance
spectroscopy39–43 and stimulated Raman-UV double res
nance spectroscopy.42,44 In these spectroscopies, the vibr
tional excitation is made by either tunable IR light pulse
two lasers for stimulated Raman pumping and the tuna7 © 1999 American Institute of Physics




















































8398 J. Chem. Phys., Vol. 110, No. 17, 1 May 1999 Matsuda, Ebata, and MikamiUV light is used for monitoring the specific cluster.
In the present study, we applied these spectroscopie
the observation of the NH stretching and the CvO stretching
vibrations of 2PY, as well as, of the OH stretching vibratio
of its hydrogen-bonded clusters, such as 2PY–H2O, 2PY-
methanol (CH3OH), 2PY-dioxane, 2PY-dimethylether, an
2PY dimer. Since H2O and CH3OH have a hydroxyl group
which acts not only as a proton donor but also as an acce
in their hydrogen bonds, both 2PY–H2O and 2PY–CH3OH
are thought to form the similar structures. On the other ha
dioxane and dimethylether are thought to act only as a pro
acceptor, so that different cluster structures are anticipa
for 2PY-dioxane and 2PY-dimethylether. For 2PY dim
characteristic features reflecting its structure are expected
only in the electronic spectra but also in the IR spectra,
cause of its symmetric nature in hydrogen bonding.
The Raman spectra in the CvO stretching vibrational
region were also observed for 2PY monomer and its clust
The spectra represent that the CvO stretching vibration is
not purely localized on the CvO group but couples exten
sively with other modes.
By comparing the observed spectra with the simula
ones obtained byab-initio molecular orbital calculations a
the HF/6-31G level, the cluster structures were extensiv
investigated. A remarkable correlation between the low f
quency shifts of the NH stretching vibration and the calc
lated hydrogen-bond angles was found, which was exam
in a view point of their characteristic cluster structures.
II. EXPERIMENT
The experimental setup for IR–UV and stimulat
Raman-UV double resonance spectroscopies with a fluo
cence detection was described in detail elsewhere.40,42 In
these spectroscopies, theS1←S0 transition of a particular
cluster is selected by a pulsed tunable UV laser and its t
fluorescence is monitored. Here, the fluorescence intensi
proportional to the population of the vibrationally groun
state ofS0 . Under this condition, the tunable IR light puls
(n IR) or two laser pulses (n1 ,n2) for the stimulated Raman
pumping are introduced 50 ns prior to the UV laser pul
When the IR frequency or the difference frequency of
Raman pumping lasers is resonant to the vibrational tra
tions, an effective vibrational excitation induces a depopu
tion in the ground vibrational level, leading to a reducti
~dip! of the fluorescence intensity. Thus, by scanningh IR or
h(n1–n2) while monitoring the total fluorescence, IR spe
trum or stimulated Raman spectrum is obtained as
fluorescence-dip spectrum. These spectroscopies are c
fluorescence detected IR spectroscopy~FDIRS! and fluores-
cence detected stimulated Raman spectroscopy~FDSRS!.
The tunable IR beam was generated by a difference
quency generation with a LiNbO3 crystal. For the difference
frequency generation, a second harmonic of a Nd: yttriu
aluminum–garnet~YAG! laser ~Quanta-Ray GCR/230! and
an output of a dye laser, operating DCM, pumped by
Nd:YAG laser were used. The UV light source was a seco
harmonic of a XeCl excimer laser pumped dye la




























A gaseous mixture of 2PY and H2O ~CH3OH, dioxane,
dioxane~-d8) or dimethylether! was seeded in He gas of
atm and was expanded supersonically into a vacuum ch
ber through a pulsed nozzle having a 0.8 mm orifice. D
terated 2PY-water clusters were formed by adding D2O to
the mixture gas. The UV and IR~or two Raman pumping!
light pulses crossed the jet at its 15 mm down stream, be
introduced in a counterpropagated manner with each ot
The fluorescence of 2PY and its clusters were monitored
a photomultiplier tube after passing a band pass filter~Corn-
ing 7–54!. The photocurrent was integrated by a boxcar
tegrator ~Par Model 4400/4420! connected by a persona
computer. 2PY~97%! was purchased from Wako Chemic
Industries, Ltd. and was used without further purification.
obtain sufficient vapor pressure, a sample compartmen
2PY crystal was heated at 370 K.
III. RESULTS
A. The S1—S0 electronic spectra and the IR spectra
of the NH stretching vibrations
1. 2PY monomer
The S1←S0 laser induced fluorescence~LIF! spectrum
of jet-cooled 2PY is shown in Fig. 1~a!. The two intense
bands at 29 831 and 29 928 cm21, labeled byA and B, re-
spectively, have been first observed by Nimlos and
FIG. 1. ~a! LIF excitation spectrum of jet-cooled 2PY, 2PY–H2O, and 2PY
dimer in the 0–0 band region. BandsA and B are the 0–0 bands of 2PY
bandC is the 0–0 band of 2PY–H2O, and bandD is the 0–0 band of 2PY
dimer. Inserted figures are the schematic structures of 2PY and its clus



































8399J. Chem. Phys., Vol. 110, No. 17, 1 May 1999 Matsuda, Ebata, and Mikamiworkers using the two-color ionization spectroscopy.33 They
suggested that the two bands are associated with diffe
ground-state conformations of the keto form, because
dispersed fluorescence spectra obtained by exciting e
band are almost identical, and the relative intensities dep
upon backing pressures of the jet expansion. From the an
sis of the rotationally resolved electronic spectra, on
other hand, Held and co-workers34 reported that the two
bands are the transitions from the same ground state of
to the different excited states. They reported that the
excited states are due to slightly different geometry aris
from the nonplanarity of the amine hydrogen.
Figure 2 shows the FDIR spectra of the NH stretch
vibration of 2PY monomer obtained by fixing the UV fre
quency to the bandsA andB. In both spectra, the NH stretch
ing vibrations occur at 3448~61! cm21. Since both bands
exhibit a doublet structure, the origins have been caref
examined by measuring the FDIR spectra for different po
tions of their band contours, which are shown in Fig. 3.
Fig. 3~a!, the lower frequency peak of each band is assig
to the head of theP-branch and the higher frequency peak
the head of theR-branch. As reproduced in Figs. 3~b! and
3~c!, the band shapes of the FDIR spectra change at diffe
probe UV frequencies. Especially, the FDIR spectra obtai
by fixing the UV frequencies at the center of each ba
which corresponds to probing of lowJ states, show a single
peak at 3448 cm21 for both bandsA andB. Thus it is con-
cluded that both the bandsA and B belong to the same
ground state of 2PY and its NH stretching frequency is 34
cm21 and the splitting is due to the rotational structure. T
identical rotational contour of the NH stretching bands s
gest that the two bandsA and B originate from the same
tautomer in the electronically ground state.
2. 2PY–H2O and 2PY –CH3OH
The band at 30 464 cm21, labeled byC in Fig. 1~a!, was
assigned to the 0–0 band of 2PY–H2O ~1:1! cluster,
35 which
is blue shifted by 633 cm21 from that of the bandA of 2PY
monomer. The LIF spectrum of 2PY–CH3OH is shown in
FIG. 2. FDIR spectra of 2PY monomer in the NH stretching vibratio
region. The spectra~a! and~b! are obtained by monitoring bandA and band


















Fig. 1~b!. Similar to 2PY–H2O, the origin of 2PY–CH3OH
at 30 446 cm21 is blue shifted as large as 615 cm21 from the
band A. The similar blue shift implies that the hydrogen
bonding characteristics of 2PY–CH3OH should be similar to
that of 2PY–H2O.
Figure 4 shows the FDIR spectra in the NH and O
stretching region of~a! 2PY monomer,~b! 2PY–H2O, and
~c! 2PY–CH3OH, which were obtained by tuning the UV
frequency onto their 0–0 bands. As shown in Fig. 4~b!,
2PY–H2O exhibits three bands; two of them occur at;3340
cm21 and the remaining band at 3725 cm21. For 2PY–H2O,
in principle, three bands are expected to appear in this en
region; the NH stretching vibration of the 2PY site and tw
OH stretching vibrations of the H2O site. The highest fre-
quency band at 3725 cm21 is readily assigned to the free OH
stretching vibrational band of the H2O site. This frequency is
30 cm21 lower than the anti-symmetric OH stretching (n3)
vibration of bare H2O in gas phase. If the hydrogen-bon
structure between 2PY and H2O is the ring-type in which
both the amine and carbonyl groups are involved in
hydrogen-bond as shown in the upper part of Fig. 1~a!, the
NH and OH stretching frequencies are expected to be
duced from their original frequencies. By examining t
spectra of the deuterated compounds, as will be discus
l
FIG. 3. ~a! The LIF spectrum of 2PY in the region of the 0–0 band.~b! The
NH stretching band of 2PY obtained by probing different positions of
rotational contour of bandA, shown by arrows in Fig. 3~a!. ~c! The NH
stretching band of 2PY obtained by probing different positions of bandB


































8400 J. Chem. Phys., Vol. 110, No. 17, 1 May 1999 Matsuda, Ebata, and Mikamilater, we assigned the weaker band at 3329 cm21 to the
hydrogen-bonded NH stretching vibration of 2PY and t
intense band at 3346 cm21 to the hydrogen-bonded OH
stretching vibration of the H2O site.
The FDIR spectrum of 2PY–CH3OH is shown in Fig.
4~c!; only one broad peak is observed at 3327 cm21. As will
be discussed later, the hydrogen-bonding characteristic
2PY–CH3OH is similar to that of 2PY–H2O, in which the
OH group of CH3OH acts both as a proton donor and
acceptor. This is supported from the fact that no band
observed around the 3700 cm21 region, which correspond
to the free OH stretching vibration. Thus, the hydroge
bonded NH stretching and OH stretching bands
2PY–CH3OH are thought to be overlapped in this bro
band.
3. 2PY-dioxane and 2PY-dimethylether
The S1←S0 LIF spectra of 2PY-dioxane and 2PY
dimethylether are shown in Figs. 5~a! and 5~b!, respectively.
The 0–0 band of 2PY-dioxane is observed at 29951 cm21,
which is blueshifted by 120 cm21 from the bandA. The 0–0
band of 2PY-dimethylether appears at 29 962 cm21, which is
blueshifted by 131 cm21 from the bandA. Since dioxane or
dimethylether acts as a proton acceptor, the observed ra
FIG. 4. FDIR spectra and simulated spectra~stick diagram! obtained by the
ab-initio calculations at the HF/6-31G level,~a! 2PY monomer, ~b!
2PY–H2O, and~c! 2PY–CH3OH, respectively. When high IR laser powe
was used for the spectrum~b!, an additional band was found to occur at th





small blue shifts for the these clusters suggest the diffe
hydrogen-bonding characteristics for these clusters.
Figure 6 shows the FDIR spectra of~a! 2PY monomer,
~b! 2PY-dioxane, ~c! 2PY-dioxane(2d8), and ~d! 2PY-
dimethylether. The FDIR spectrum of 2PY-dioxane sho
an intense band at 3222 cm21 accompanied by many wea
bands in the region between 3100 and 3300 cm21. The band
at 3222 cm21 is assigned to the NH stretching band and t
weak bands are presumably assigned to various combina
bands of 2PY, which appear through anharmonic coupli
with the hydrogen-bonded NH stretching vibration. To r
move the possibility of the combination bands involving t
CH stretching modes of dioxane, we also observed the FD
spectrum of 2PY-dioxane(2d8) as shown in Fig. 6~c!. As
seen in the figure, the spectrum is essentially the same as
of 2PY-dioxane, so that most of these weaker bands are
tributed to combination bands of the 2PY site.
The FDIR spectrum of 2PY-dimethylether, shown
Fig. 6~d!, exhibits a more complicated structure in the regi
between 3130 and 3200 cm21. Among them, three bands a
3138, 3161, and 3198 cm21 carry large intensities. In this
respect, the IR intensity of the NH stretching band is thou
to be distributed to these bands, representing extensive
harmonic couplings between the NH stretching and ot
modes. Those vibrations may be overtones of the skel
modes of the 2PY site or the CH stretching bands of C3
group of dimethylether. We tentatively assigned the m
intense band at 3198 cm21 to the NH stretching vibrationa
band. It should be noted that the low frequency shift, tha
the ‘‘red shift,’’ of the NH stretching vibration is 226 cm21
FIG. 5. The LIF spectra of~a! 2PY-dioxane and~b! 2PY-dimethylether.




























8401J. Chem. Phys., Vol. 110, No. 17, 1 May 1999 Matsuda, Ebata, and Mikamifor 2PY-dioxane and 250 cm21 for 2PY-dimethylether.
These values are much larger than those of 2PY–H2O and
2PY–CH3OH. As will be discussed later, there is a go
correlation between the blue shift of the electronic transit
and the red shifts of the NH stretching vibration.
4. 2PY dimer
The intense bandD at 30 775 cm21 in Fig. 1~a! was
assigned by Held and Pratt37,38 to the vibronic band of the
u-symmetry electronic state (S2) of the 2PY dimer. They
analyzed the rotational fine structure of the dimer bandD by
the high resolution spectroscopic study and reported that
2PY dimer has a planar structure with an inversion symm
try, as shown in the upper part of Fig. 1~a!. We have mea-
sured the population labeling spectrum45 of the 2PY dimer
by monitoring the bandD and found that there is no othe
band below this band, confirming that the bandD is the 0–0
band of theu-symmetry state of the 2PY dimer.46
Figure 7~b! shows the FDIR spectrum of the NH stretc
ing vibration of 2PY dimer; a broad band at;2800 cm21
with its width of ;230 cm21 is observed. In the symmetri
dimer, the two NH stretching vibrations are also classifi
into ‘‘gerade’’ and ‘‘ungerade’’ modes, so that the observ
band in the FDIR spectrum corresponds to the unger
mode of the NH stretching vibrations. Thus the red shift
NH stretching vibration of 2PY dimer is extremely large
much as;650 cm21. The reason of the anomalously larg
FIG. 6. FDIR spectra and simulated spectra~stick diagram! obtained by the
ab-initio calculations at the HF/6-31G level, of~a! 2PY monomer,~b! 2PY-






band width may be due to a heavy congestion of combi
tion bands involving skeletal, as well as CH stretchi
modes.
B. The CvO stretching vibrations
Since 2PY has a carbonyl group, which acts as an pro
acceptor in the hydrogen bond, the investigation of the CvO
stretching vibration is also important for the characterizat
of the cluster structures. Figure 8 shows the FDSR spectr
the region of the CvO stretching vibration of the 2PY
monomer and its clusters. Almost identical FDSR spectra
obtained for the bandsA andB of 2PY monomer as shown in
Figs. 8~a! and 8~b!. Two bands were observed in both spe
tra; an intense band occurs at 1721 cm21 and a weak band a
1713 cm21. The former band is assigned to the CvO
stretching vibration of 2PY. Though the assignment of t
weak band is not well understood, it is closely related to
CvO stretching vibration because both bands exhibit a
shift upon the cluster formation as seen in Figs. 8~c!–8~e!.
In 2PY–H2O shown in Fig. 8~c!, both bands shift to the
red and the shift of the intense band is 14 cm21 from the
corresponding band of the monomer. The red shift indica
the reduction of the CvO bond strength upon the hydroge
bond formation. For 2PY-dioxane as shown in Fig. 8~d!,
quite similar red shifts to these of 2PY–H2O were observed,
although the interval between the two bands is substanti
FIG. 7. FDIR spectrum and simulated spectrum obtained by theab-initio
calculations at the HF/6-31G level of~a! 2PY monomer and~b! 2PY dimer. license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
8402 J. Chem. Phys., Vol. 110, No. 17, 1 May 1999 Matsuda, Ebata, and MikamiFIG. 8. FDSR spectra of~a! 2PY monomer~bandA!,
~b! 2PY monomer~bandB!, ~c! 2PY–H2O, ~d! 2PY-



























emreduced. We did not expect such the similar red shifts of
CvO stretching vibration between 2PY-dioxane a
2PY–H2O, because the interaction between the CvO group
of 2PY and dioxane is thought to be very small compared
that between the CvO group and H2O. As will be discussed
later, the reason of the rather large shift of 2PY-dioxane
associated with that this mode is not localized simply on
CvO group but involves the motions of other atoms of 2P
In the spectrum of the 2PY dimer, three bands are obse
at the lower frequency region as shown in Fig. 8~e!. Ex-
tremely large shifts of these bands and their assignment
be also discussed later.
IV. DISCUSSION
A. The NH stretching vibrations of 2PY–H 2O and
2PY–CH3OH
To investigate the geometrical structures of the clust
ab-initio molecular orbital calculations were carried out wi
theGAUSSIAN 94program.47 The energy-optimized structure
of 2PY–H2O and 2PY–CH3OH obtained at the HF/6-31G
level are shown in Fig. 9.48 The ring-type structure of the
hydrogen bond of 2PY–H2O agrees with that reported b
Held and Pratt36 and also with that obtained by the calcul
tion at the MP2/6-31 G(d,p) level reported by Del Bene.49
The stable form of 2PY–CH3OH is also the ring-type struc
ture similar to that of 2PY–H2O. As indicated in the figure
the hydrogen-bond distance between the H atom of the
group and the O atom of the OH group in 2PY–CH3OH is
shorter than that of 2PY–H2O. On the other hand, the dis
tance between the O atom of the CvO group and the H atom
of the OH group in 2PY–CH3OH is longer than that of
2PY–H2O.
Calculated IR spectra of the NH and OH stretching
brations for the energy-optimized structures are given
stick diagrams in Fig. 4, being compared with the obser
ones. Their frequencies are summarized in Table I, where
calculated frequencies are multiplied by a scaling factor
0.896, which was obtained from a linear least-square fitt
of the calculated frequencies to the observed ones. As se
















and 2PY–CH3OH show well separated bands of th
hydrogen-bonded NH and OH stretching vibrations. In t
observed spectra, on the other hand, the two bands ap
with a very small splitting for 2PY–H2O and only a single
broad band appears for 2PY–CH3OH. From the experimen-
tal point of view, the NH and the OH stretching bands se
FIG. 9. Energy-optimized structures of~a! 2PY–H2O, ~b! 2PY–CH3OH,
and ~c! 2PY dimer obtained by theab-initio calculations at the HF/6-31G
level. DE represents their binding energy. license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
ching
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Downloaded 19 NoTABLE I. Observed and calculated vibrational frequencies and IR intensities of the NH and OH stret
vibrations of 2PY and its clusters.
Frequency~cm21! IR intensity ~KM/mol!
Assignmentobs. calc.a calc.
2PY monomer 3448 3462.78 83.121 nNH
2PY–H2O 3725 3693.1 105.984 nOH ~free!
3346 3400.95 428.918 nOH~H-bonded!
3329 3288.83 293.86 nNH
2PY–CH3OH 3327 3428.96 536.513 nOH
3279.72 420.461 nNH
2PY-dioxane 3222
linear-type I 3251.33 740.833 nNH
linear-type II 3242.27 769.900 nNH
2PY-dimethylether 3198 3240.57 688.613 nNH
~3161!
~3138!
2PY-dimer ;2800 3129.98 2648.911 nNH ~ungerade!
3085.48 0.027~Raman active! nNH ~gerade!

























ped.to be overlapped in both spectra of 2PY–H2O and
2PY–CH3OH.
In order to examine such an overlapping of the NH a
OH stretching bands, we measured the IR spectra of the
tope substituted species which are shown in Fig. 10.
upper part of Fig. 10 shows the LIF spectrum of the clust
of 2PY obtained by adding deuterated water (D2O) to the
seeded carrier gas. By mixing D2O to 2PY, three peaks, in
dicated by~b!, ~c!, and~d! in the spectrum, appeared in th
blue side of the 0–0 band~a! of 2PY–H2O. Held and Pratt
35
reported that eight isotopomers, shown at the lower par
Fig. 10, are formed by the deuteration of H atoms at vari
sites in 2PY–H2O. The band labeled by~a! in the spectrum
of Fig. 10 has been assigned to the overlapped transition
the ~NH¯HOH! and ~NH¯HOD! isotopically mixed spe-
cies of 2PY–H2O. The band~b!, which is 10 cm
21 blue
shifted from band~a! is assigned to the overlapped bands d
to the ~NH¯DOH! and ~NH¯DOD! species. The band~c!,
which is blue shifted by 28 cm21 from ~a!, is that of the
~ND¯HOH! and~ND¯HOD! species. The band~d!, which
is blue shifted by 39 cm21, is that of the~ND¯DOH! and
~ND¯DOD! species. The band separations due to the dif
ence between the~HOH! and~HOD! species are too small t
be separated by the resolution of the laser used in the pre
work.
The FDIR spectra, obtained by probing the 0–0 band
the isotopomers of 2PY–H2O are shown in Fig. 11. The
FDIR spectrum~b! shows two bands at 3286 and 3331 cm21
and they are assigned to the hydrogen-bonded NH stretc
bands of the~NH¯DOH! and~NH¯DOD! species, becaus
there is no hydrogen-bonded OH group in these isotopom
The spectrum also indicates that the NH band appears ra
separately from the OH stretching band. Such a freque
shift of the NH stretching band may be due to a slight cha
in normal modes upon the deuteration. In the same way,
intense band observed at 3336 cm21 in the spectrum~c! is
assigned to the hydrogen-bonded OH stretching band of
~ND¯HOH! and ~ND¯HOD! species. In the spectrum~d!


















stretching band of the DOH site is observed at 3716 cm21.
These results show that both the hydrogen-bonded NH
OH stretching vibrations of 2PY–H2O have the substantia
activities in the IR transition and their frequencies are ve
FIG. 10. LIF spectrum of isotopically substituted 2PY–H2O ~1:1! cluster in
the band origin region obtained by D2O/He mixture gas. The bands~a!–~d!
correspond to the isotopomers~a!–~d! shown in the lower part. In each












































8404 J. Chem. Phys., Vol. 110, No. 17, 1 May 1999 Matsuda, Ebata, and Mikamiclose with each other in the FDIR spectra, shown in F
4~b!.
Although we have not carried out the isotopic examin
tion for 2PY–CH3OH, it is clear that both OH and NH
groups for 2PY–CH3OH are hydrogen-bonded since no ba
is observed in the spectral region around;3700 cm21 which
corresponds to free OH stretching vibration. We, therefo
concluded that the NH and OH stretching bands
2PY–CH3OH are completely overlapped in the broad ba
at 3327 cm21, as shown in Fig. 4~c!.
B. The NH stretching vibrations of 2PY-dioxane and
2PY-dimethylether
Energy-optimized structures for 2PY-dioxane and 2P
dimethylether are shown in Fig. 12. As seen in the figu
2PY is acting as a proton donor in these clusters, and d
ane and dimethylether are acting as acceptors. All the c
ters exhibit linear NH̄ O hydrogen-bond structures. Simu
lated spectra of the NH stretching vibrations for the ener
optimized structures are shown in Fig. 6, and th
frequencies are summarized also in Table I, where the s
scaling factor~0.896! was applied. The calculated freque
cies of the NH stretching vibration of both clusters are in
good agreement with the observed ones, as reproduced i
figure.
For 2PY-dioxane, as seen in Fig. 12~a!, two energy-
optimized structures, labeled by ‘‘linear-type I’’ and ‘‘linea
type II’’ were obtained at the HF/6-31G level, where th
latter is slightly stable by 1.5 kcal/mol compared to t
former. Since the calculated NH stretching frequencies of
two structures are very close, as seen in Fig. 6~b!, and also
the energy difference between the two are small, it is diffic
to conclude which structure corresponds to the observed
in respect of the calculations.
As described in a previous section, three intense ba
were observed for 2PY-dimethylether, and the calculated
stretching vibration of 2PY-dimethylether locates close
the observed higher frequency band~3198 cm21!. This band
FIG. 11. FDIR spectra observed by fixing the UV frequencies to ba

















seems to have a main contribution of the NH stretch
mode of the 2PY site, because it is most intense among
three bands.
C. The NH stretching vibration of 2PY dimer
The energy-optimized structure and the simulated sp
trum of 2PY dimer obtained at the HF/6-31G level calcu
tion are shown in Fig. 9~c!. Similar to the work reported
earlier,21,26 the symmetric dimer with respect to th
hydrogen-bonds is obtained. The distance between the am
hydrogen and the carbonyl oxygen is much shorter than o
clusters and the hydrogen-bond angle~NH¯O! is nearly
180°. Such a tightly bound dimer structure results in t
large red shift of the NH stretching vibration. Frequencies
the IR and Raman active modes and the IR absorption in
sities obtained by the calculation are summarized in Tabl
The observed NH stretching vibration in the FDIR spectru
in Fig. 7 corresponds to the anti-symmetric ungerade m
of vibration, as shown by a solid bar in Fig. 7.
D. Correlation of the shifts of the electronic transitions
and the NH stretching vibrations with the cluster
structures
Table II summarizes the electronic origins and the N
stretching frequencies (nNH) of the clusters and their shift
(DnNH) from those of the 2PY monomer. Also shown are t
NH¯O distances (RNH¯O), the NH̄ O bond angles
s
FIG. 12. Energy-optimized structures of~a! 2PY-dioxane, linear-type I and
linear-type II, and~b! 2PY-dimethylether, obtained by theab-initio calcula-
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2PY ~band A! 29 831 3448 ¯ ¯ 0.9947
2PY–H2O 30 464~1633! 3329~2119! 1.9096 144.7 1.0058
2PY–CH3OH 30 446~1615! 3327~2121! 1.9025 145.7 1.0063
2PY-dioxane 29 951~ 120! 3222~2226!
linear-type I 1.8751 167.1 1.0076
linear-type II 1.8602 173.3 1.0083
2PY-dimethylether 29 962~1131! 3198~2250!f 1.8682 167.7 1.0083
2PY-dimer 30 775~1944! ;2800~;2650! 1.7781 175.4 1.0161
aBlue shifts from the 0–0 band of 2PY monomer~band A!.
bRed shifts formnNH of 2PY monomer~band A!.
cCalculated values of the H-bond distances between the amine hydrogen of 2PY and the oxygen atom
solvent molecules.
dCalculated angles of H-bond formed between the NH bond of 2PY and the oxygen atom of solvent mol
eCalculated NH bond distance of 2PY.




































eir(uNH¯O), and the NH bond distances (r NH) of the clusters
obtained by theab-initio calculations. As seen in the tabl
the electronic origin bands of all the clusters show the bl
shifts which represent that the hydrogen-bond stabiliza
energy inS1 is reduced upon the electronic excitation fro
S0 . Actually, Held and Pratt reported an increase of the
termolecular distance inS1 compared toS0 for 2PY–H2O
35
and 2PY dimer.37,38
Another noticeable point in the electronic transitions
that the magnitude of the blue shift depends on the clu
structure. In the ring-type clusters such as 2PY–H2O and
2PY–CH3OH the electronic origins are blue shifted as lar
as;600 cm21, while in the linear-type clusters such as 2P
dioxane and 2PY-dimethylether, the blue shifts of the ori
bands are rather small~;120 cm21!. The larger blue shift of
the electronic origin bands of the ring-type clusters th
those of linear-type clusters is readily understood by rea
ing that the hydrogen bonding to the O atom of the carbo
group induces a significant effect on the electronic state
the conjugatedp electrons, while the hydrogen-bond form
tion on the H atom of the NH group results in a negligib
effect on thep electron system. The similar blue shifts upo
the hydrogen-bond formation are known to occur for t
tropolone-(H2O)n and -(CH3OH)n clusters.
50 Since
tropolone has also a carbonyl group conjugating with
aromaticp electrons, the blue shifts upon the cluster form
tion are thought to be characteristic of the hydrogen-bo
onto such a CvO site.
The NH stretching vibrations also show characteris
frequency shifts depending on the cluster structures. In
ring-type clusters, the NH stretching vibrations are redshif
by ;100 cm21, while in the linear-type clusters, the redshif
are as large as;230 cm21. Thus, the linear-type cluster
shows much larger frequency reduction of the NH stretch
vibration. So, we plotted the observed shifts (DnNH) of the
NH stretching vibration versus the NH̄O hydrogen-bond
angles (uNH¯O), which is shown in Fig. 13~a!. Figure 13~b!
shows the plot of the calculatedRNH¯O hydrogen-bond dis-
tances versusuNH¯O for the optimized clusters. These tw
















comes stronger as the hydrogen-bond angle becomes lin
In the ring-type clusters as seen in Fig. 9, the NH¯O
hydrogen-bond angle is forced to be distorted from the lin
form because of the other hydrogen-bond, while in t
linear-type clusters as seen in Fig. 12, they can form
stable linear hydrogen-bond. That is the reason why
linear-type clusters showed a larger frequency reduction
the NH stretching vibration than the ring-type clusters.
E. The CvO stretching vibration
As described in a previous section and illustrated in F
8, several bands were observed in the CvO stretching re-
gion of the 2PY clusters. In addition, the magnitudes of th
FIG. 13. ~a! Plots of the observed red shift (DnNH) of the NH stretching
frequencies vs the NH̄ O bond angles (uNH¯O) for the energy-optimized
clusters.~b! Plots of the calculated NH̄ O bond distances (RNH¯O) vs the
NH¯O bond angles. license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
of
he
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~a! 2PY monomer,~b! 2PY–H2O, ~c! 2PY-dioxane, and
~d! 2PY dimer. The vector models correspond to t






















latedredshifts were not so different among the clusters hav
various types of the hydrogen-bond structures. To ana
the characteristics of the CvO stretching vibration in more
detail, we also simulated its Raman spectra for the ene
optimized clusters. Figure 14 shows a comparison betw
the observed spectra and the calculated Raman active b
in the CvO stretching vibrational region. Also shown a
the vector models of the vibrational modes having the str
gest Raman activity. Table III lists the frequencies of t
observed and the calculated vibrations in the vicinity of
region of the CvO stretching vibration. As can be seen
the vector models, the calculated results show that the CvO
stretching vibrations of 2PY is not simply localized on t
CvO bond but involves the motions of various atoms in t
clusters. That is one of the reason why we observed sim
red shift of 2PY-dioxane to that of 2PY-H2O, irrespect of the
existence of the hydrogen-bond between the CvO group of
the 2PY site and the OH group of the H2O site in the latter
cluster. Thus, the complicated behavior of the CvO stretch-
ing vibration of 2PY indicates that this vibration is not a
propriate to characterize the hydrogen-bond.
V. CONCLUSION
From the present work, we obtained clear pictures of
geometries and vibrational structures of the hydrog











Three vibrational modes, NH, OH, and CvO stretching vi-
brations, were investigated and they were analyzed on
basis of theab-initio molecular orbital calculations. Two
types of the cluster structures were identified, the ring-ty
structure for 2PY–H2O, or -CH3OH, and the linear-type
structure for 2PY-dioxane or -dimethylether. These clust
show an opposite behavior in spectral shifts of the electro
TABLE III. Comparison between the observed and calculated vibratio
frequencies~cm21!, and calculated Raman activity~Å4 AMU21! in the
CvO stretching region.
Obs. Calca
2PY monomer 1713, 1721 1716.2~66.8!, 1800.1~15.8!, 1858.6~10.7!
2PY–H2O 1699, 1707 1700.5~40.1!, 1725.2~14.8!, 1817.4~6.8!,
1865.8~6.5!






2PY dimer 1678, 1679, 1693 1634.6~0.0!, 1699.7~81.4!, 1700.0~0.1!,
1818.8~0.0!, 1819.4~6.1!, 1847.4~0.0!
1872.5~5.1!
aValues scaled by a factor of 0.987. Values in parentheses are the calcu
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NH stretching vibration, a clear relationship was obtain
between the hydrogen-bond angle and the low freque
~red! shift of the vibration. For the CvO stretching vibra-
tion, the observed Raman spectra and the calculated sp
suggested that this vibrational mode is not localized sim
on the CvO bond but involves the motion of whole th
molecule and the clusters. A symmetric form structure w
confirmed for 2PY dimer by the observed spectra and
ab-initio calculation. For the future work, the investigatio
of proton transfer reactions within the hydrogen-bond
clusters of 2PY would be very interesting. In that sen
measurements of the vibrational spectra of the tautom
2-hydroxypyridine~2HP!, would be very important and thei
analysis is now in progress.
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